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Inmany polarized cells, the accuracy of chromosome
segregation depends on the correct positioning of
the mitotic spindle. In budding yeast, the spindle
positioning checkpoint (SPOC) delays mitotic exit
when the anaphase spindle fails to extend toward
the mother-daughter axis. However it remains to be
established how spindle orientation is translated to
SPOC components at the yeast spindle pole bodies
(SPB). Here, we used photobleaching techniques to
show that the dynamics with which Bub2-Bfa1
turned over at SPBs significantly increased upon
SPOC activation. A version of Bfa1 that was stably
associated with SPBs rendered the cells SPOC defi-
cient without affecting other Bub2-Bfa1 functions,
demonstrating the functional importance of regu-
lating the dynamics of Bfa1 SPB association. In addi-
tion, we established that the SPOC kinase Kin4 is
the major regulator of Bfa1 residence time at SPBs.
We suggest that upon SPOC activation Bfa1-Bub2
spreads throughout the cytoplasm, thereby inhibit-
ing mitotic exit.
INTRODUCTION
In many polarized cells the mitotic spindle has to be aligned
along a predetermined polarity axis. This is also the case in the
model organism budding yeast, where the site of cytokinesis is
dictated by the bud neck (constriction between mother and
daughter cells) (Segal and Bloom, 2001). Thus, in order to
achieve successful chromosome segregation, the anaphase
spindle has to be positioned along the mother-bud axis. If the
spindle is mispositioned in the mother cell body and subsequent
cytokinesis occurs, the cells will become aneuploid. Neither the
binucleated nor anucleated progenies are viable, indicating that
the close coordination between spindle alignment and cytoki-
nesis is essential for viability in budding yeast.
Yeast cells have developed several mechanisms to prevent
aneuploidy. First, spindle orientation is assured by two, in part
functionally overlapping, pathways represented by Bim1-Kar9
and dynein (Carminati and Stearns, 1997; Miller et al., 1999;
Miller and Rose, 1998). Second, the spindle position checkpoint146 Developmental Cell 16, 146–156, January 20, 2009 ª2009 Elsev(SPOC) monitors spindle alignment and delays mitotic exit and
cytokinesis when the spindle is mispositioned. This surveillance
mechanism efficiently delays cytokinesis, giving cells time to
correct any spindle alignment defects that may occur (reviewed
in Lew and Burke, 2003).
In yeast, the short metaphase spindle assembles in themother
cell body. Interactions of cytoplasmic microtubules with the cell
cortex align this short spindle along the mother-bud axis (Palmer
et al., 1992; Shaw et al., 1998; Sullivan and Huffaker, 1992). With
anaphase onset, the elongating spindle migrates into the
daughter cell, the bud. Bim1 and Kar9 proteins ensure spindle
alignment early in the cell cycle. Both proteins together with
cyclin dependent kinase Cdc28 and the B-type cyclin Clb4 are
loaded onto the spindle pole body (SPB; the functional equiva-
lent of the mammalian centrosome) that is destined to enter
the daughter cell. The proteins are subsequently transported
from the SPB to the plus end of cytoplasmicmicrotubules (Liako-
poulos et al., 2003; Maekawa and Schiebel, 2004). Kar9 eventu-
ally interacts with the myosin, Myo2. Because the Myo2 motor
interacts with polarized actin cables, the association of Kar9
with Myo2 aligns the spindle. Dynein Dyn1, the plus Tip protein
Bik1, and the kinesin-like motor protein Kip2 are components
of a second pathway that direct the expanding anaphase spindle
into the daughter cell (Yeh et al., 2000).
The spindle position checkpoint comprises a bipartite
GTPase-activating protein (GAP) complex composed of Bfa1
and Bub2, the Kin4 kinase, and the polo-like kinase, Cdc5. The
Bfa1-Bub2 complex inhibits the GTPase, Tem1, which sits at
the top of the mitotic exit network (MEN; a GTPase-driven
signaling cascade that regulates mitotic exit and cytokinesis;
Bardin and Amon, 2001) to modulate the signaling through this
pathway. In the case of a correctly aligned spindle, polo-like
kinase Cdc5 inactivates the Bfa1-Bub2 complex in anaphase
via phosphorylation of Bfa1, enabling full activation of the MEN
(Hu et al., 2001). However, if the spindle is misaligned or depoly-
merized by nocodazole treatment, the kinase, Kin4, localizes at
both SPBs and phosphorylates Bfa1 at two sites, preventing
the further modification of Bfa1 by Cdc5 (D’Aquino et al., 2005;
Maekawa et al., 2007; Pereira and Schiebel, 2005). As Cdc5 is
no longer able to inhibit Bfa1, the GAP continues to shut down
Tem1 signaling, and mitotic exit is inhibited. The molecular
mechanism underlying the regulation of Cdc5 by Kin4 remains
obscure. However, it is clear that Kin4 somehow keeps the
Bfa1-Bub2 GAP complex active in order to prevent MEN
activation and mitotic exit.ier Inc.
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Spindle Alignment Regulates SPB Dynamics of Bfa1A hallmark of SPOC and the MEN is the polar association of
most of its components with the SPB. Bfa1 and Bub2 are
predominantly associated with the SPB that is segregated into
the daughter cell during anaphase. However, if the spindle
becomes misaligned, Bfa1-Bub2 associates with both SPBs
(Molk et al., 2004; Pereira et al., 2000, 2001). Neither the mech-
anism for the establishment of the polar orientation of the Bfa1-
Bub2 GAP complex at SPBs, nor the controls that promote the
redistribution of this GAP complex to both SPBs when spindle
alignment fails are fully understood. In different studies, the inter-
action of cytoplasmic microtubules with the cell cortex and the
transition of the SPB through the bud neck were claimed to be
triggers that modulated the polar SPB association of Bfa1-
Bub2 (Adames et al., 2001; Fraschini et al., 2006; Pereira et al.,
2001).
In this study we have reinvestigated these open questions
surrounding the localization of the Bfa1-Bub2 complex and its
function in modulating MEN activity and the molecular role
played by the Kin4 kinase in this control. We show that defective
cytoplasmic microtubules regulate the dynamics with which
Bfa1-Bub2 associates at SPBs. Bfa1 and Bub2 stably bind to
the daughter SPB if spindle alignment is modulated appropri-
ately during an unperturbed cell cycle. Spindle misalignment
decreases the amount of Bfa1-Bub2 associated with SPBs
and drastically increases the dynamic association of the GAP
complex with the SPB. This change in dynamics is regulated
by Kin4 kinase and it is required for proper SPOC function. We
propose a model in which altered dynamics of Bfa1-Bub2
increases the level of active Bfa1-Bub2 GAP complexes in the
cytoplasm and thereby inhibits mitotic exit.
RESULTS
The Relative Amount of SPB-Associated Bub2 and Bfa1
Fluctuates during the Cell Cycle
A key feature of the SPOC components Bfa1 and Bub2 is their
preferential association (also referred as polar or asymmetrical
association) with the SPB moving into the daughter cell (dSPB)
in anaphase. Despite several studies, the molecular control
behind this association and its functional significance for normal
cell cycle progression and checkpoint signaling are still not fully
understood. We therefore reassessed the SPB binding behavior
of Bfa1 and Bub2 by quantitative live cell imaging. We employed
cells that expressed functional green fluorescent protein (GFP;
Janke et al., 2004)-tagged Bub2 and Bfa1 alongside the SPB
marker protein Spc42-eqFP (SPC42 fused to the far red fluores-
cent protein eqFP611; Wiedenmann et al., 2002). Note that due
to the slow folding of eqFP, the Spc42-eqFP signal at the old
SPB was always stronger than at the newly formed SPB (Pereira
et al., 2001). Strains also carried TUB1 fused to monomeric
Cherry (mCherry-Tub1; Khmelinskii et al., 2007; Maeder et al.,
2007) in order to visualize the microtubules. In our hands,
mCherry-Tub1 produced a dim signal that bleached rapidly
(Figure 1A). The relative fluorescence intensity of GFP-tagged
proteinswas quantified over time and plotted relatively to spindle
pole distances as a reference marker for the progression of
individual cells through mitosis. Bfa1 localization was confirmed
to be asymmetric, as it associated with one of the two SPBs
(Figure 1A; Pereira et al., 2000). In a small percentage of wild-Developtype cells, in which the pre-anaphase spindle became transiently
misaligned (see Figure S1A available online), the initial asym-
metric localization of Bfa1-GFP was transiently lost as the
protein associated with both SPBs, but the asymmetry resumed
soon after elongation of the spindle into the mother-daughter
axis. Interestingly, in either case, the loading of Bub2-Bfa1
upon SPBs increased 1.5- to 2.5-fold midway through anaphase
to peak at a spindle length of about 5 ± 1 mm (Figure 1B and
Figure S1B). The SPB association of Bfa1 resembled that of
Bub2-GFP; however, the loading of Bfa1 onto the SPB was
more pronounced than that of Bub2 (Figures S1C and S1D).
Cytoplasmic Microtubules Influence Both
the Asymmetric Binding and the Relative
Amount of Bfa1 and Bub2 at SPBs
The interaction of cytoplasmic microtubules with the cell cortex
has been implicated as the key determinant that regulates the
asymmetric localization of Bfa1 and Bub2 to SPBs (Pereira
et al., 2001). However, how cytoplasmic microtubules influence
the binding of the GAP complex to SPBs upon SPOC activation
is still an open question. In order to address this question, we
monitored Bfa1-GFP at SPBs by time-lapse microscopy in yeast
strains in which the function of cytoplasmic microtubules was
defective. In cells lacking KAR9, anaphase spindle elongation
takes place in the mother cell body with a relative high frequency
(Miller and Rose, 1998). Cells with misaligned spindles rely on an
active SPOC for survival (Bloecher et al., 2000; Pereira et al.,
2000). We quantified the signal intensity of SPB-bound Bfa1-
GFP from G2 phase up to anaphase spindle formation in the
mother cell. Bfa1-GFP at SPBs was also followed after correct-
ing the alignment of the spindle toward the bud. In pre-anaphase
cells with misaligned spindles, Bfa1 localized with the same
intensity to both SPBs (Figure 1C, 3 min). However, the intensity
of the SPB signal significantly decreased and stayed low for the
duration of the period in which the elongated anaphase spindle
remained in the mother cell (Figures 1C and 1D, 9–23 min).
Bfa1 accumulated rapidly at the dSPB shortly after the anaphase
spindle reoriented into the daughter cell body (SPB1; Figures 1C
and 1D, 24–45 min). Bub2 behaved in a similar way to Bfa1
(Figure S2A). The decrease in Bub2 and Bfa1 bound to SPBs
of misaligned spindles was not an indirect consequence of a re-
arrangement of the SPB outer plaque in response to defective
cytoplasmic microtubules, because the relative amount of outer
plaque protein Spc72-GFP at SPBs did not fluctuate (Figures
S1E and S2B). This behavior of Bfa1 was echoed in other
mutants that affected nuclear positioning (kip2D; Figure S2C;
see also Monje-Casas and Amon, 2009 [this issue of Develop-
mental Cell]). Also, SPOC activation through depolymerization
of microtubules upon nocodazole treatment led to offloading of
Bfa1 at the dSPB (SPB closer to the bud neck; SPB1,
Figure S3). Thus, the lack of interaction between cytoplasmic
microtubules and the cortex inhibited the accumulation of the
Bfa1 and Bub2 at SPBs during mitosis.
The decrease of Bfa1-GFP signal at SPBs upon SPOC activa-
tion could reflect a local degradation of the SPB-associated Bfa1
pool or be a consequence of relocation of Bfa1 from SPBs into
the cytoplasm. If the latter possibility is correct, one would
expect to see an increase in the cytoplasmic Bfa1-GFP fluores-
cence intensity in cells with misaligned spindles. We thereforemental Cell 16, 146–156, January 20, 2009 ª2009 Elsevier Inc. 147
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Figure 1. Impairment of Cytoplasmic
Microtubule Function Inhibits Accumulation
of Bfa1 at dSPB
(A) Representative time-lapse images of BFA1-
GFP cells carrying SPC42-eqFP and mCherry-
TUB1. Time is given in minutes from the start
of inspection. The pre-anaphase spindle is
correctly aligned perpendicularly to the bud
neck, from the beginning of inspection (8 min).
Scale bars: 3 mm.
(B) Quantification of the relative fluorescence
intensity (arbitrary units) of BFA1-GFP cells
showed in (A). The curves show the relative fluo-
rescence intensity of Bfa1-GFP at the SPB
directed to the daughter (red line) or mother
(green line) cells. Pole-to-pole distances (open
circles) represent the distance between two
Spc42-eqFP signals.
(C and D) Representative time-lapse images of
BFA1-GFP SPC42-eqFP kar9D cells imaged at
30C. Only Bfa1-GFP images are shown. Time
is given in minutes from the start of inspection.
Curves in (D) represent the relative fluorescence
intensity (arbitrary units) of the GFP signal asso-
ciated with both SPBs of (A). Pole-to-pole
distances (open circles) were measured using
Spc42-eqFP as a reference.
(E) Box-and-whisker plots comparing the mean
fluorescence intensities of whole-cell areas and
cytoplasmic and SPB regions (n = 50) of cells in
late anaphase with aligned and misaligned spin-
dles. The boxes show the lower and upper quar-
tiles; the whiskers show the lowest and highest
observations. The line inside the box indicates
the median.quantified the whole cell, the SPB, and cytoplasmic Bfa1-GFP
mean fluorescence intensities of cells which were in anaphase
with properly or mispositioned spindles (Figure 1E). Whereas
the whole-cell fluorescence intensity for Bfa1-GFP was the
same for both cell types, the cytoplasmic Bfa1-GFP fluores-
cence intensity was slightly but significantly higher in cells with
misaligned spindles in comparison to the normal anaphase situ-
ation (Figure 1E, p < 0.05). These data are therefore consistent
with a redistribution of Bfa1-GFP from SPBs into the cytoplasm.
As a consequence, asymmetric localization of Bfa1 and Bub2
was lost and cells arrested with low but equal amounts of Bfa1
and Bub2 at both spindle poles.
Bfa1 and Bub2 Stably Bind to SPBs during
an Unperturbed Cell Cycle
The reduced amount of Bfa1 at SPBs of cells in which the
anaphase spindle was misaligned may arise from altered binding
dynamics. In order to test this possibility, we monitored the
dynamics of the turnover of Bfa1 and Bub2 at SPBs by fluores-
cence recovery after photobleaching (FRAP) in cells progressing
normally throughout the cell cycle or arrested at specific stages of
mitosis (Figure 2 and Figure S4). An area of 1.3 mm2 covering the
SPB (marked by an arrow) was briefly exposed to a high-intensity
laser beam leading to bleaching of the Bfa1-GFP SPB-148 Developmental Cell 16, 146–156, January 20, 2009 ª2009 Elsevassociated signal of cells at different phases of the cell cycle
(Figure 2, t = 0). The fluorescence signal from the SPB-bound
Bfa1-GFP was quantified over time to monitor the recovery of
the signal that arose from the incorporation of Bfa1-GFP mole-
cules that had not been bleached with the SPB. The majority of
Bfa1-GFP at the SPB had failed to recover even up to 200 s after
photobleaching, regardless of the cell cycle stage and location of
the SPB (Figure 2 and Figure S4). We also investigated whether
a small subfraction of Bfa1, undetectable under low exposure
conditions, could still be dynamically recruited to SPBs by per-
forming the same FRAP analysis, except overexposing the initial
Bfa1-GFP signal. Even so, no recovery was observed for the re-
maining Bfa1-GFP signal at the SPB for >200 s (Figure S4C). This
result was also confirmed by a fluorescence loss in photobleach-
ing (FLIP) experiment, in which the bleached and inspected areas
are distinct. SPB-bound Bfa1 of metaphase cells was quantified
over time while consecutively photobleaching a defined area in
the cytoplasm (Figures S4D and S4H). No reduction of Bfa1-
GFP signal intensity at SPBs was observed for >400 s, indicating
that no exchange between SPB and cytoplasmic Bfa1 pools
occurred. FRAP data for Bub2 indicated no exchange between
cytoplasmic and SPB-bound Bub2-GFP pools (Figures S4J and
S4K). Thus, Bfa1 and Bub2 stably associated with SPBs in cells
in which the microtubule cytoskeleton is not perturbed.ier Inc.
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with SPBs Changes upon SPOC Activation
If the binding of Bub2 and Bfa1 to SPBs is stable during an
unperturbed cell cycle, what are the mechanisms that regulate
the decrease of Bub2 and Bfa1 at SPBs upon SPOC activation?
We excluded the possibility that a lack of cytoplasmic microtu-
bules would ambiguously reduce components of the SPB outer
plaque, as the relative fluorescence intensity of Spc72-GFP was
not altered in cells with misaligned spindles (Figure S2B; Molk
et al., 2004). It was possible that the reduction in the amount of
Bub2 and Bfa1 associated with SPBs and the increase in Bfa1-
GFP fluorescence intensity in the cytoplasm upon SPOC activa-
tion could arise from altered affinity of Bub2 and Bfa1 for their
SPB binding partners. To pursue this hypothesis, we investi-
gated the turnover of Bfa1-GFP at spindle poles upon check-
point activation, using kar9D cells. FRAP analysis of Bfa1-GFP
in kar9D cells in which the spindle was correctly oriented
confirmed that Bfa1 engaged a stable association with the
dSPB (t1/2 > 200 s, Figure 3A). In contrast, Bfa1-GFP at the
SPBs of cells in which the spindles were misaligned exhibited
a half-life recovery time of 19 ± 2 s (Figure 3B) regardless of
which SPB (closest or more distant to bud neck) was photo-
bleached. FLIP analysis confirmed that exchange was taking
place between SPB and cytoplasmic Bfa1 pools (Figures S4L
and S4M). The association of Bub2-GFP with the misaligned
SPBs of kar9D anaphase cells was also highly dynamic
(Figure 3C, t1/2 21 ± 2 s). Thus, the remaining pool of Bfa1 and
Bub2 associated with both SPBs of kar9D cells with misaligned
anaphase spindles is highly dynamic, leading to rapid turnover
of this GAP at the SPB.
The SPOC is not only required to delay MEN activation of
mutants with misaligned anaphase spindles, but it is also essen-
tial to maintain the metaphase arrest induced by depolymeriza-
tion of microtubules by nocodazole. We therefore askedwhether
the nocodazole-induced SPOC activation would also lead to
changes in Bfa1-Bub2 residence time at SPBs. Cells were
treated with nocodazole and mounted onto microscope cham-
bers prior to inspection (Figure 3D). The two SPBs of nocodazole
B
C
A Figure 2. Bfa1 Stably Binds to SPBs of Cells
with an Intact Microtubule Cytoskeleton
(A–C) FRAP analysis ofBFA1-GFP cells in G1/S (A),
pre-anaphase (B), and anaphase (C) cell cycle
stages. Time zero indicates the first frame after
photobleaching. The graphs represent relative
fluorescence intensity average measurements.
FRAP still images of one representative cell are
shown. The arrow indicates the SPB subjected to
photobleaching. Relative fluorescence intensities
are given in arbitrary units (AU). The scale bars
are 3 mm.
arrested cells localized close together as
a consequence of spindle collapse after
microtubule depolymerization. Therefore,
in FRAP analysis, the Bfa1-GFP that
resided at both SPBs was photobleached
simultaneously. Bfa1-GFP of nocodazole-
arrested cells showed a recovery rate
half-life of 19 ± 3 s, which was identical to that of Bfa1-GFP of
anaphase-arrested kar9D cells with misaligned spindles (Table
1; p < 0.05). However, while the calculated mobile fraction of
Bfa1-GFP was close to 100% for kar9D cells, it was about
60% for nocodazole-treated cells (Table 1). This observation
suggested that, in contrast to kar9D cells, a stably bound pool
of Bfa1 might persist at the SPBs after nocodazole treatment.
Together, the photobleaching analyses indicated that lack of
cytoplasmic microtubules increases the binding dynamics of
Bfa1 and Bub2 at SPBs.
The Binding Dynamics of Tem1 at SPBs Did Not Change
upon SPOC Activation
Tem1 actively exchanges at the SPBs of cells that are pro-
gressing normally through the cell cycle (Molk et al., 2004).
We therefore investigated whether the binding dynamics of
Tem1 to SPBs were also influenced by activation of the
SPOC under our experimental conditions and strain back-
ground (Figure S5; Table 1). We first established that the
dynamic binding of Tem1 was due, in part, to its association
with Bub2 and Bfa1, as suggested by the following observa-
tions. Tem1-GFP was barely detected at SPBs in the absence
of BUB2 and BFA1. In bub2D bfa1D cells, Tem1-GFP signal
was only seen at SPBs in late anaphase (Pereira et al., 2000).
In addition, in these cells, the Tem1 residence time at SPBs
significantly increased 6- to 9-fold when compared to BFA1
BUB2 cells (p < 0.05, Figure S5; Table 1). In comparison to
the wild-type kinetics, Tem1 SPB binding dynamics were not
significantly altered by either nocodazole treatment, which
completely depolymerized microtubules, or by the elongation
of the mitotic spindle within the mother cell body (Figure S5;
Table 1). Nevertheless, the relative amount of Tem1 that asso-
ciated with the SPBs decreased in kar9D cells that underwent
anaphase with a misorientated spindle as previously reported
(Molk et al., 2004; data not shown). We therefore concluded
that, in kar9D cells, reduced amounts of SPB-bound Tem1
might be an indirect consequence of the reduction in the
amount of SPB-associated Bub2 and Bfa1 described above.Developmental Cell 16, 146–156, January 20, 2009 ª2009 Elsevier Inc. 149
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under the direct influence of SPOC.
Phosphorylation of Bfa1 by Kin4 Increases the Turnover
of Bub2-Bfa1 at SPBs
The activity of the Bub2-Bfa1 GAP complex is influenced by two
opposing protein kinases, Cdc5 and Kin4 (Maekawa et al., 2007).
To assess whether posttranslational modifications influence the
Bfa1 SPB binding behavior, we first investigated the dynamics
with which Bfa1-GFP associated with SPBs in cells that lacked
Cdc5 or those that progressed normally through the cell cycle
in the absence of Kin4 (Figure S6). In the absence of Cdc5, cells
correctly aligned and elongated their spindles but arrested in late
anaphase as a consequence of impaired mitotic exit (Shirayama
et al., 1998; Figure S6A). Time-lapsemicroscopy and FRAP anal-
ysis following CDC5 depletion revealed no major changes in the
asymmetric association of Bfa1 with SPBs or in the turnover of
Bfa1 at SPBs in comparison to wild-type cells (Figures S6A
and S6B). Also, in kin4D cells with correctly aligned spindles,
Bfa1 stably associated with the dSPB (data not shown), and no
change in the asymmetric association with SPBs was observed
(Figure S6C; D’Aquino et al., 2005). These data suggested that, if
the anaphase spindle is correctly oriented, neither the asym-
metric association nor the turnover of Bfa1 at SPBs is regulated
by the Cdc5 and Kin4 kinases.
We next considered the possibility that kinase control could be
important to alter the behavior of the Bub2-Bfa1 GAP complex
when spindles were mispositioned. This is an attractive possi-
bility because Kin4-dependent Bfa1 phosphorylation is neces-
sary to maintain the late anaphase cell cycle arrest upon SPOC
A
B
C
D
Figure 3. Activation of SPOC Involves
Changes in Bfa1 SPB-Binding Dynamics
(A and B) FRAP analysis of Bfa1-GFP in kar9D cells
with aligned (A) and misaligned (B) anaphase
spindles.
(C) FRAP of Bub2-GFP in kar9D cells with mis-
aligned spindles.
(D) FRAP of Bfa1-GFP at SPBs of cells arrested
with nocodazole for 3 hr at 30C. The two SPBs
(arrow) were photobleached.
The graphs represent average measurements. The
half recovery times (t1/2) ± SEMare indicated. Images
show one representative cell. Scale bars: 3 mm.
activation, suggesting that Kin4, at least,
may play a key role in orchestrating the
changes in Bfa1-Bub2 complex behavior
that we recorded above. We therefore
primarily tested whether the dynamic
switch observed upon checkpoint acti-
vation would still occur in the absence
of Kin4. For this, we performed FRAP
analysis of Bub2-GFP and Bfa1-GFP in
kar9D kin4D cells in anaphase with mis-
positioned spindles. In these cells, the
half-life recovery time for Bub2 and Bfa1
at SPBs significantly increased to about
5-fold longer than the half-life recovery
time of Bub2 and Bfa1 in kar9D KIN4 cells (Figures 4A and 4B;
Table 1; p < 0.05). The Kin4 kinase-dead mutant (kin4-kd), which
has no residual kinase activity but is still able to bind to SPBs
(Maekawa et al., 2007), was also deficient in increasing Bfa1
SPB binding dynamics upon SPOC activation (Figure 4C).
Thus, the loading and residence time of Bfa1 and Bub2 at
SPBs in cells with mispositioned spindles might indeed be regu-
lated by Kin4 kinase activity.
If the above conclusion were correct, we would expect to see,
in cells progressing into anaphase with mispositioned spindles,
an increase in the number of SPBs in which Bfa1 is asymmetri-
cally associated. Still-image, single time point analysis of
BFA1-3mCherry GFP-Tub1 kin4D kar9D cells showed that this
was indeed the case (Figures 4D and 4E). Time-lapse micros-
copy confirmed the asymmetric localization of Bfa1 during
spindle elongation inside the mother cell body of kar9D cells
lacking KIN4 (Figure S7A).
These data are consistent with the possibility that Kin4 influ-
ences the binding of Bfa1 to SPBs by phosphorylating either
Bfa1 directly, a yet-to-be-identified substrate, or both. To
discriminate between these possibilities, we analyzed the
BFA1 mutant Bfa12A, which can no longer be phosphorylated
by Kin4 (Maekawa et al., 2007). Bfa12A cells are SPOC deficient
(Maekawa et al., 2007); however, no difference in cell cycle
progression was observed for bfa12A in comparison to wild-
type cells (Figure S8). If phosphorylation of Bfa1 by Kin4
increased the turnover of Bfa1 at SPBs in cells with misaligned
spindles, then Bfa12A should associate more stably with SPBs,
even in the presence of Kin4. FRAP analysis of Bfa12A-GFP
kar9D cells showed that Bfa12A-GFP bound significantly more150 Developmental Cell 16, 146–156, January 20, 2009 ª2009 Elsevier Inc.
Developmental Cell
Spindle Alignment Regulates SPB Dynamics of Bfa1stably to SPBs in comparison to Bfa1-GFP in kar9D cells with
misaligned spindles (p < 0.05; compare Figure 4F with
Figure 3B; Table 1). Bfa12A-GFP and Bub2-GFP in bfa12A cells
localized more asymmetrically to SPBs of misaligned anaphase
spindles (Figure S7B). The behavior of Bub2-GFP in bfa12A kar9D
Table 1. Half Recovery Times andMobile Fractions ofBfa1, Bub2,
and Tem1 at SPBs Determined by FRAP
Mean of Half
Recovery
Time ± SEMa(s)
Mobile
Fraction ±
SEMa(%) n
BFA1-GFP (G2) >200 n.ab 6
BFA1-GFP (metaphase) >200 n.a 6
BFA1-GFP (anaphase) >200 n.a 10
BFA1-GFP kar9D (anaphase) >200 n.a 6
BFA1-GFP Gal1-CDC20c >200 n.a 17
BFA1-GFP Gal1-clb2DDBd >200 n.a 9
BFA1-GFP Gal1-CDC5e >200 n.a 6
BFA1-GFP kar9Df 18.9 ± 2.2 97 ± 3 10
bfa12A-GFP kar9Df 65.2 ± 8.9 76 ± 8 14
BFA1-GFP kar9D kin4Df 91.9 ± 8.4 78 ± 6 17
BFA1-GFP kar9D kin4KDf 82.4 ± 8.5 89 ± 6 9
BFA1-GFP KIN4-pr kar9Df 73.7 ± 16.2 88 ± 6 7
BFA1-GFP KIN4-pr-SS kar9Df 15.4 ± 5.1 89 ± 10 5
BFA1-GFP KIN4-SPC72 (anaphase) 41.9 ± 6.6 68 ± 9 11
BFA1-GFP Gal1-KIN4g 28.8 ± 5.7 86 ± 7 9
BFA1-GFP Met3-CDC20
Gal1-KIN4c,g
12.2 ± 2.7 75 ± 7 9
bfa12A-GFP Gal1-KIN4 (anaphase)g 40.9 ± 6.1 82 ± 4 14
BFA1-GFP (+ nocodazole) 18.9 ± 3.0 60 ± 7 12
BUB2-GFP Gal1-CDC20c >200 n.a 5
BUB2-CNM67-GFPf >200 n.a 7
BUB2-GFP kar9Df 21.4 ± 2.0 87 ± 5 9
BUB2-GFP kar9D kin4Df 91.65 ± 15.7 62 ± 9 6
BUB2-GFP kar9D bfa12Af 75.61 ± 6.7 78 ± 6 10
BUB2-GFP KIN4-SPC72 (anaphase) 47.9 ± 12.6 46 ± 8 5
BUB2-GFP Gal1-KIN4g 23.2 ± 8.0 81 ± 7 7
TEM1-GFP Gal1-CDC20c 3.80 ± 0.3 83 ± 3 14
TEM1-GFP Gal1-clb2DDB
at dSPBd,h
3.06 ± 0.3 89 ± 4 10
TEM1-GFP Gal1-clb2DDB
at mSPBd,i
2.74 ± 0.5 81 ± 12 2
TEM1-GFP kar9Df 3.02 ± 0.3 74 ± 6 10
TEM1-GFP Gal1-CDC20 (NOCO)c 2.52 ± 0.3 67 ± 8 4
TEM1-GFP Gal1-clb2DDB bfa1D
bub2Dd
22.96 ± 3.5 91 ± 4 7
aSEM: the standard error of the mean.
b n.a: not applicable.
cMetaphase arrest: Cdc20 depletion by promoter shutdown.
d Late anaphase arrest: overexpression of nondegradable CLB2.
eUpon Gal1 promoter shutdown.
fMisaligned spindles.
gUpon Gal1 promoter overexpression.
h dSPB: SPB with the stronger Tem1-GFP signal.
imSPB: SPB with the weak signal.Developcells was similar to Bfa12A-GFP (compare Figures 4F and 4G).
Thus, these observations suggested that Kin4-dependent Bfa1
phosphorylation might be the trigger that responds to check-
point activation to change the way that Bfa1-Bub2 complexes
bind to SPBs. However, in the presence of Kin4, Bfa12A was still
more dynamically bound to SPBs than Bfa1 of cells lacking Kin4
(p < 0.05, compare Figures 4A and 4F). It is therefore possible
that Kin4may phosphorylate additional sites in Bfa12A (Maekawa
et al., 2007) or, in addition, that Kin4 may regulate the turnover of
Bfa1 by phosphorylating other proteins that then influence Bfa1
recruitment and residence at the SPB.
In conclusion, Kin4 kinase activity upon Bfa1 is required, but
not completely sufficient, to decrease the residence time of
Bfa1-Bub2 complexes at SPBs upon SPOC activation.
Presence of Kin4 in the Daughter Cell Body Decreases
the SPB Residence of Bfa1 in Cells with Properly
Aligned Spindles
Overexpression of KIN4 during a normal anaphase delays mitotic
progression in a way that is dependent on Bfa1 (D’Aquino et al.,
2005; Maekawa et al., 2007). By performing FRAP analysis in cells
upon KIN4 overexpression, we established that overproduced
Kin4 greatly increased the rate at which Bfa1 turned over at the
dSPBs, even in the presenceof a normalmicrotubule cytoskeleton
(Figure S9). This recovery rate for Bfa1 at the dSPB was compa-
rable to the recovery rate observed for SPB-bound Bfa1 of kar9D
cells in which the spindle ismisaligned (Table 1, p < 0.05). Overex-
pressed KIN4 was, however, not as efficient in releasing Bfa12A-
GFP from SPBs in comparison to Bfa1-GFP (Figure S9C). In
addition, the relative fluorescence intensity of SPB-associated
Bfa1 decreased after KIN4 overexpression. However, Bfa1-GFP
protein levels did not drop in overproducing Kin4 cells (Figures
S9D and S9E). Together, these data show that an increase in the
Kin4 protein kinase levels is able to promote the release of Bfa1
from dSPBs, even in the absence of spindle orientation defects.
Kin4 localizes at the mother cell cortex and, during anaphase,
at the mSPB (Pereira and Schiebel, 2005). To test how the differ-
ential subcellular location of Kin4 influenced its ability to change
Bfa1-Bub2 dynamics, we made use of the established Kin4-
Spc72 and Kin4-pr chimeras, which stably localize at the SPB
outer plaque and cell cortex, respectively (Maekawa et al.,
2007). Both constructs were expressed under the control of
native promoters. The constitutive SPB targeting of Kin4-
Spc72 was sufficient to increase the Bfa1 residence time even
at the dSPB in cells with normal aligned spindles (Figure 5A). In
contrast, Kin4-pr, which is constitutively associated with the
plasma membrane but retains Kin4 kinase activity (Maekawa
et al., 2007), was not able to efficiently dislodge Bfa1 from
SPBs upon SPOC activation (Figure 5B). The Kin4-pr-SS
chimera, in which the normal Kin4 localization was restored
(Maekawa et al., 2007), behaved as Kin4 kinase-proficient cells
(Figure 5C; Table 1). Thus, SPB rather than cortex-associated
active Kin4 is likely involved in releasing Bfa1-Bub2 from SPBs
upon SPOC activation.
Constitutive Targeting of Bfa1 to Both SPBs Impairs
Spindle Position Checkpoint Function
To understand the functional consequences of dislodging Bub2-
Bfa1 complexes from the SPBs after checkpoint activation, wemental Cell 16, 146–156, January 20, 2009 ª2009 Elsevier Inc. 151
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SPBs regardless of spindle orientation. To this end, we produced
chimeric proteins consisting of Bub2 and Bfa1 fused to the
N-terminal domain of the outer plaque SPB component Cnm67
A
ED
F
C
G
B
Figure 4. Lack of Kin4 Phosphorylation Decreases the Dynamic
Behavior of Bfa1 at SPBs upon SPOC Activation
(A and B) FRAP analysis of Bfa1-GFP (A) andBub2-GFP (B) in kin4D kar9D cells
with mispositioned anaphase spindles.
(C) FRAP of Bfa1-GFP in kar9D carrying the Kin4 kinase-dead mutant
(kin4T209A, kin4-kd). The bleached SPB of one representative cell is marked
by the arrow.
(D) Quantification of Bfa1-GFP signal intensity at SPBs of the indicated cell
types. Only cells with elongated anaphase spindles mispositioned in the
mother cell body were quantified (kar9D: n = 94, kin4D kar9D: n = 96). The
brightest Bfa1-GFP signal was normalized to 1. The Bfa1 localization was
considered symmetric if the difference between both SPBs of the same cell
was 0.1 or less.
(E) Representative BFA1-3mCherry GFP-TUB1 kar9D cells in the presence
(upper panel) or absence (lower panel) of KIN4. Cells were inspected without
fixation.
(F and G) FRAP analysis of Bfa12A-GFP in kar9D (F) and Bub2-GFP in kar9D
bfa12A (G) cells with mispositioned anaphase spindles. The bleached SPB of
one representative cell is marked by the arrow.
All graphs represent average measurements in arbitrary units (AU). The half
recovery times (t1/2) ± SEM are indicated. Scale bars: 3 mm.152 Developmental Cell 16, 146–156, January 20, 2009 ª2009 Elsev(Brachat et al., 1998). Both BUB2- and BFA1-CNM67 fusions
were expressed under control of the native BUB2 and BFA1
promoters, respectively. The chimeric constructs bound to
both SPBs without affecting SPB function in regard to cyto-
plasmic microtubule organization, as both fusion proteins com-
plemented the growth deficiency of cnm67D (Figure S10A),
and cells with misaligned spindles were rarely seen within the
population. Bub2-Cnm67-GFP and Bfa1-Cnm67-GFP remained
constitutively bound at both SPBs (Figure 6A). Bub2-Cnm67was
also able to target Bfa1-GFP to both SPBs from SPB duplica-
tion until late anaphase (Figure 6B). During time-lapse experi-
ments, however, we noticed that 10% of BUB2-CNM67-GFP
cells, but not BFA1-CNM67-GFP cells, transiently misaligned
their anaphase spindles within the mother cell body (Figure 6C).
The reason for this phenotype is unclear at present, although it is
possible that it arises from transient detachment of cytoplasmic
microtubules from the outer plaque in a small percentage of
cells. FRAP analysis of cells with misaligned spindles estab-
lished that, in contrast to Bub2-GFP (t1/2 21 ± 2 s), Bub2-
Cnm67-GFP remained stably bound to SPBs (Figure 6C).
To assess whether Bub2-Cnm67 and Bfa1-Cnm67 were able
to execute the functions of Bub2 and Bfa1 in checkpoint
controls, we first analyzed the checkpoint proficiency of cells
treated with nocodazole. Strains lacking BUB2 and BFA1 are
unable to hold the cell cycle arrest at metaphase and prema-
turely exited mitosis, as indicated by the accumulation of
multiple budded cells (Figure 6D, bfa1D and bub2D cells).
However, BUB2-CNM67, BFA1-CNM67, and wild-type cells
each maintained a similarly proficient metaphase arrest during
the course of the experiment (large budded cells, Figure 6D).
Thus, the fusions of BUB2 and BFA1 to CNM67 were functional
for both Cnm67- and nocodazole-induced checkpoint arrest
imposed by Bub2 and Bfa1.
We next analyzed whether Bub2-Cnm67 and Bfa1-Cnm67
proteins were able to maintain the late anaphase SPOC arrest
of cells that is stimulated bymispositioning of anaphase spindles
in kar9D strains. As previously reported, many kar9D cells
paused in late anaphase with two separated DNA-stained
regions located in the mother cell body (Figure 6E, gray bars).
Deletion of either BUB2 or BFA1 allowed cell cycle progression
of defective kar9D cells with the accumulation of multiple
budded and multinucleated cells (Figure 6E, bub2D and bfa1D,
black bars; Figure S10B). Importantly, BUB2-CNM67 and
BFA1-CNM67 cells were not able to sustain the late anaphase
arrest upon spindle mispositioning, as indicated by the rebud-
ding of cells (Figure 6E). Interestingly, the SPOC inactivation in
BFA1-CNM67 cells was partly suppressed by adding an extra
copy of BFA1 (Figure S10C), which may restore the cytoplasmic
Bfa1 pool necessary to keep the SPOC-dependent cell cycle
arrest. Together, the data suggest that forcing Bub2 and Bfa1
to constantly associate with SPBs impairs the SPOC function
in late anaphase but does not have a major impact upon the
ability to retain a metaphase arrest in nocodazole-arrested cells.
DISCUSSION
The spindle position checkpoint (SPOC) of budding yeast is an
essential surveillance mechanism that halts cell cycle progres-
sion when there are defects in the alignment of the mitoticier Inc.
Developmental Cell
Spindle Alignment Regulates SPB Dynamics of Bfa1spindle and so ensures faithful chromosome segregation
(reviewed in Lew and Burke, 2003). SPOC activation restrains
the activation of the mitotic exit network (MEN) signaling
pathway until the anaphase spindle becomes aligned along the
mother-bud axis. One central issue in SPOC signaling is to
understand how SPOC components sense and efficiently stop
MEN activation in response to spindle alignment defects. Here,
we provide novel insights into the molecular mechanism of this
central feature of SPOC signaling.
Bfa1-Bub2 Dissociates from SPBs in Response
to SPOC Activation
Under normal cell cycle progression, Bub2 and Bfa1 preferentially
associate with the SPB that moves into the daughter cell body. In
contrast, activation of the SPOC by a misaligned spindle leads to
the recruitment of Bub2-Bfa1 to both SPBs. Previous studies sug-
gested that neither SPB inheritance, nor bud neck or daughter cell
specific components are the determinants of Bub2-Bfa1 SPB
asymmetries. Rather, proper cytoplasmic microtubule cortex inter-
actions have been proposed to modulate Bub2-Bfa1 localization
(Pereira et al., 2001; Monje-Casas and Amon, 2009). The fact that
the Bub2-Bfa1 GAP complex binds to the SPB outer plaque and
is in close proximity to cytoplasmic microtubule nucleation sites
led us and others to suggest that, in response to defective cyto-
plasmic microtubules, the GAP complex at SPBs inhibits mitotic
exit (Gruneberg et al., 2000; Pereira et al., 2001). The data leading
to this model were, however, mainly based on qualitative observa-
tions. In addition, it rested on the assumption that, like theMEN, the
SPOC functions at the SPB (Hu et al., 2001; Pereira and Schiebel,
2001). The importance of the SPB in SPOC regulation was never
tested.
This study now strongly suggests that Tem1 inactivation may
not be restricted to the SPB-bound Bub2-Bfa1 GAP complexes,
implying that the SPOC functions in a way that differs from that
postulated in existingmodels (Figure 6F). We found that the large
majority of Bfa1 and Bub2 stably associated with the dSPB in
cells with unperturbed cytoplasmic microtubules. Surprisingly,
the relative levels and the residence time of Bub2 and Bfa1 at
SPBs dramatically decreased upon SPOC activation, whereas
A
C
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Figure 5. Kin4Associatedwith SPBsLeads to
Increased Binding Dynamics of Bfa1
(A–C) FRAP analysis of Bfa1-GFP in KIN4-SPC72 (A),
KIN4-pr (B), and KIN4-pr-SS (C) cells. The bleached
SPB of one representative cell is marked by the
arrow. The graphs represent average measurements
in arbitrary units (AU). The half recovery times (t1/2) ±
SEM are indicated. Scale bars: 3 mm.
the levels of total protein in the cell
remained constant. This result supports
the notion that Bub2 and Bfa1 are con-
verted into a diffusible form in response
to spindle misalignment. This would ulti-
mately promote the spreading of active
Bub2-Bfa1 GAP complexes throughout
the cytoplasm, ensuring an efficient inhi-
bition of Tem1 throughout the cell
(Figure 6F). This redistribution model is further supported by
the phenotype of BUB2-CNM67 and BFA1-CNM67 cells. The
fusion with the core SPB component Cnm67 anchors these
chimeric proteins at both SPBs even when the anaphase spindle
become misaligned. Both fusion proteins maintained the meta-
phase arrest of nocodazole-treated cells as proficiently as
wild-type Bfa1-Bub2 molecules, suggesting that the Bfa1- and
Bub2-Cnm67 fusions were functional in a metaphase context.
Thus, the main difference between Bub2- and Bfa1-Cnm67 is
likely to be the reduced exchange dynamics of Bub2- and
Bfa1-Cnm67 at the SPB in cells with a misaligned anaphase
spindle. BFA1- and BUB2-CNM67 cells were deficient in
keeping the late anaphase arrest of cells with misaligned
spindles, demonstrating the importance of the mobilization of
SPB-bound Bfa1-Bub2 for the function of the SPOC.
The Role of Kin4 in SPOC Regulation
Kin4 kinase is essential for the function of the SPOC but is not
required for the metaphase arrest of nocodazole-treated cells
(D’Aquino et al., 2005; Pereira and Schiebel, 2005). Kin4 was
found to function via phosphorylation of Bfa1. This phosphoryla-
tion of Bfa1 by Kin4 prevents the inactivation of the Bfa1-Bub2
complex in anaphase by Cdc5 polo kinase when the spindle is
misaligned and so blocks the activation of the MEN (Maekawa
et al., 2007). Here, we have established that the protein kinase
Kin4 is a major regulator of the Bfa1 residence at SPBs in cells
with a misaligned spindle. Several observations have led us to
this conclusion. First, the absence of Kin4 strongly reduced the
dynamic behavior of Bfa1 at SPBs in cells with misaligned spin-
dles. As a consequence, Bfa1 remained preferentially bound to
one SPB during spindle elongation in the mother cell body.
Second, the checkpoint-deficient Bfa12A mutant protein that
was no longer modified by Kin4 showed a reduction of its
dynamic SPB-binding behavior upon SPOC activation. Finally,
overexpression of KIN4 and constitutive targeting of Kin4 to
the dSPB via its fusion with the SPB component Spc72 strongly
promoted the turnover of Bfa1 at SPBs even when the anaphase
spindle was correctly aligned. Together, these data suggest that
phosphorylation of Bfa1 by Kin4 regulates the SPB-bindingDevelopmental Cell 16, 146–156, January 20, 2009 ª2009 Elsevier Inc. 153
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and Bfa1 to SPBs Impairs SPOC Function
(A) Bfa1-Cnm67-GFP, Bub2-Cnm67-GFP, and
Cnm67-GFP localized with the same intensity at
both SPBs in all phases of the cell cycle.
(B) Bub2-Cnm67 constitutively targets Bfa1-GFP
at both SPBs. Time-lapse microscopy of BUB2-
CNM67 BFA1-GFP cells.
(C) FRAP analysis of Bub2-Cnm67-GFP at SPBs of
cells with misaligned spindles. The graph shows
the average quantification of the relative fluores-
cent intensity in arbitrary units (AU). One represen-
tative cell is shown. The SPB subject to FRAP is
marked by an arrow. Scale bars in (A)–(C) are 3 mm.
(D) BUB2-CNM67 and BFA1-CNM67 cells arrest
in metaphase upon nocodazole treatment. The
indicated cell types were arrested with alpha
factor at 30C for 3 hr. Cells were then washed in
alpha-factor-free medium. Nocodazole was
added (t = 0) and samples were inspected at the
indicated times. The percentages of large and
multiple budded cells are indicated (n = 100–150
for each time point).
(E) Bub2-Cnm67 and Bfa1-Cnm67 are deficient in
holding the late anaphase arrest of kar9D cells.
The indicated cell types were grown at 23C for
3 hr and shifted to 30C for 6 hr to increase the
number of cells with misaligned spindles. The
accumulation of multiple budded and multinucle-
ated cells (black bars) indicated cell cycle progres-
sion in the presence of spindle orientation defect
(n = 100–150 for cell type). Cells with small or
without buds were scored as ‘‘other.’’ DNA was
stained with DAPI. Cells of bfa1D KAR9 and
bub2D KAR9 behaved as wild-type cells.
(F) Model for SPOC regulation at SPBs. In cells in
which the mitotic spindle correctly aligns along
the mother-daughter axis, Bfa1 and Bub2 stably
associate with the SPB moving into the daughter
cell body. Cdc5 phosphorylates Bfa1 at the
dSPB, thereby decreasing the activity of the GAP
complex. In the case of spindle misalignment,
Kin4 kinase phosphorylates Bfa1, reducing its
binding affinity to SPB components. This causes
the amount of Bub2 and Bfa1 to decrease at
SPBs and consequently to increase in the cyto-
plasm. Spread of Bub2-Bfa1 complexes
throughout all cell compartments would provide
an effective safeguard mechanism preventing
Tem1 activation and mitotic exit.dynamics of the Bfa1-Bub2 GAP complex. However, it is impor-
tant to note that Bfa1-Bub2 was, although reduced, still dynamic
in kin4D cells with a misaligned spindle. Thus, factors other than
Kin4 may regulate association of Bfa1 to spindle poles upon
SPOC activation. The nature of these factors is unclear at
present.
How does Kin4 prevent the phosphorylation of Bfa1 by Cdc5?
Bfa1 phosphorylated by Kin4 can still be phosphorylated by
Cdc5 in vitro (Maekawa et al., 2007). Thus, it is not a simple
substrate inhibition mechanism that prevents Cdc5 from phos-
phorylating Kin4-modified Bfa1. Considering that only the
SPB-bound Bfa1 becomes modified by Cdc5 (Maekawa et al.,
2007), an attractive hypothesis is that the increased SPB turn-
over of Bfa1 keeps Bfa1 partitioned away from Cdc5 to a degree154 Developmental Cell 16, 146–156, January 20, 2009 ª2009 Elsevthat reduces the number of Bfa1 molecules that can be phos-
phorylated by Cdc5 below the critical threshold for mitotic exit.
In addition, a cytoplasmic phosphatase may efficiently dephos-
phorylate any Bfa1 that was modified by Cdc5 at the SPB.
Sensory Mechanisms for Spindle Position
During normal cell cycle progression Kin4 binds to the mother
cell cortex and in mid-anaphase to only the mSPB, whereas
Bfa1-Bub2 resides at the dSPB (Pereira and Schiebel, 2005).
Upon spindle misalignment, Kin4, Bfa1, and Bub2 all become
recruited to both SPBs. It is tempting to speculate that defective
interactions between the cytoplasmic microtubules and the
cortex that lead to nuclear positioning defects will mainly influ-
ence Kin4 rather than Bub2 and Bfa1 directly. This model raisesier Inc.
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alignment defects. The affinity of Kin4 for SPBs could be
increased if microtubules fail to attach to the cell cortex. Kin4
itself is subjected to posttranslational modification by a kinase
whose identity is currently unknown (D’Aquino et al., 2005). Iden-
tification of Kin4-interacting partners will shed much light upon
these open questions.
Our data suggest that the regulated dynamic behavior of the
MEN inhibitor Bfa1-Bub2 at the yeast spindle pole body is an
essential feature of the SPOC. This is highly reminiscent, in
part, of the spindle assembly checkpoint where Mad1 stably
associates with kinetochores and by interacting with Mad2
creates a diffusible signal that inhibits the metaphase-anaphase
transition (Musacchio and Salmon, 2007). In the case of the
SPOC, the spreading of Bfa1-Bub2 signal may inactivate the
GTPase Tem1 in the cytoplasm, thereby preventing mitotic exit.
The differential binding association of cellular components
with centrosomes is not restricted to budding yeast. It has
essential roles in the asymmetric cell division of stem cells and
it is also important for the distinct behavior of mother and
daughter centrioles during mitosis and cilia formation (Bardin
and Amon, 2001; Doxsey et al., 2005; Yamashita and Fuller,
2008). Understanding how and why yeast cells control the asym-
metric behavior of centrosomal associated proteins may thus
shed light onto the mechanisms contributing to centrosomal
asymmetries associated with cell cycle progression and differ-
entiation in higher eukaryotes.
EXPERIMENTAL PROCEDURES
Reagents and Growth Conditions
All yeast strains used are isogenic with S288C and are listed in Table S1. Basic
yeast methods and growth media were as described in Sherman (1991). PCR-
basedmethodswere used for gene deletions and epitope tagging (Janke et al.,
2004; Knop et al., 1999). Growth conditions and details on all constructs used
are specified in Supplemental Experimental Procedures.
Fluorescence and Time-Lapse Microscopy
For fluorescencemicroscopy, 2 ml of each cell culture was spotted ontomicro-
scope slides and immediately inspected. Cells were fixed with 70% ethanol
and resuspended in PBS containing 1 mg/ml 40,6-diamino-2-phenylindole
(DAPI, Sigma) whenever DNA visualization was needed. In Figure 4E, a Zeiss
Axiophot microscope equipped with a 1003 NA 1.45 A Plan-Fluor oil immer-
sion objective (Zeiss), a Cascade 1K CCD camera (Photometrics), and Meta-
Morph software (Universal Imaging Corp.) were used.
For live-cell imaging, cells were adhered onto glass-bottomed Petri dishes
(MatTek) using 6% concanavalin A-Type IV (Sigma). Images were acquired
at 30C using a Deltavision RT system (Applied Precision) on an Olympus
IX70 inverted microscope equipped with a quantifiable laser module (QLM),
a 1003 oil immersion objective (1003/1.40 UPLS Apo, UIS2), a CCD camera
(CoolSNAP HQ/ICX285 Photometrics), and softWoRx software (Applied
Precision). GFP and eqFP/mCherry were detected using FITC and RD-TR-
PE excitation/emission filter sets, respectively. Twelve Z stack images with
an optical section spacing of 0.3 mm were acquired for each time point. Cells
were monitored for at least 1 hr with a time interval of 1 min. Only selected time
points are shown as still images in the figures. Approximate cell outlines indi-
cated by white lines were drawn considering the cell morphologies. Meta-
morph and SoftWoRx softwares were used to measure pole-to-pole distances
from complete set of Z stacks in 3D and to perform the sum-projection of the
complete Z series.
For quantifications in Figure 1E, the mean fluorescence intensities were
quantified for whole cells (by drawing a box contouring the cell boundary),
for a cytoplasmic region of 1.7 mm2 (away from SPBs), and a SPB containingDevelopregion of 1.2 mm2 in cells with properly and misaligned spindles. Background
fluorescence intensities were subtracted from all measurements.
FRAP and FLIP Experiments
Photobleaching experiments were performed in the Deltavision RT system
using a 20 mW 488 nmQLM laser adjusted to bleach an area of approximately
640 nm radius. For FRAP, three prebleach images were acquired followed by
two laser iterations (50% intensity) of 0.01 s duration each. Images at each time
point were composed of four Z stacks of 0.3 mm optical section spacing. FLIP
analysis involved consecutive photobleaching followed by one image acquis-
ion of ten Z stacks (0.3 mm optical section spacing).
Imaging Analysis and Processing
Mean fluorescence intensity measurements of sum-projected images were
performed using ImageJ software (version 1.38u, NIH). For processing of
time-lapse data, mean fluorescence intensities at the SPBs were corrected
for background and acquisition bleaching using the following equation:
Iroi-normalized(t) = [Iroi(t)  Ibase(t)]/[Iref(t)  Ibase(t)], where Iroi is the mean fluores-
cence intensity of the signal on the SPB, Ibase is the mean background fluores-
cence intensity outside of the cells, Iref is the mean fluorescence intensity of
another whole cell or a cluster of cells, and t is the time. After this normalization,
I(t) was divided by the highest I(t) obtained throughout the entire time-lapse
series within a cell, so that the highest signal obtained was set as 1.
Themean fluorescence intensities at the SPBs (FRAP and FLIP experiments)
were corrected for background and acquisition bleaching and processed
using the software IgorPro 6.02 (Wavemetrics) with the FRAP Analysis Tool
(available at http://www.embl.org/cmci/downloads/K_FRAPcalcV9c.ipf).
Fluorescence intensities were double normalized involving correction for
acquisition bleaching (Phair et al., 2004). Phair’s double normalization corrects
for prebleach intensity, background noise, and photobleaching as follows:
IFRAP-normalized (t) = [Iref(pre)  Ibase (pre)]/[Iref(t)  Ibase(t)][(IFRAP(t)  Ibase(t)]/
[IFRAP(pre)  Ibase(pre)], where (pre) refers to the corresponding average inten-
sity of the three time points prior to photobleaching. All FRAP curves were
fitted to a single exponential curve (y = yo + Ae
bx, q > 0.1). Mobile fractions
were calculated according to the equation: Mob = A/[1  (yo+A)]. Half
recovery timeswere calculated usingln0.5/b. Half recovery times andmobile
fractions of individual cells within an experiment were averaged to calculate
the average half recovery times and mobile fractions ± SEM for each experi-
ment. The representative FRAP curves in the figures were plotted taking the
average of each time point for each set of data. FRAP data of different condi-
tions and strain backgrounds were compared by one-way ANOVA with
Duncan’s post hoc test (p < 0.05) using the SPSS 8.0 software.
Images were processed in Adobe Photoshop CS and Adobe Illustrator 10.
No manipulations were performed other than brightness, contrast, and color
balance adjustments.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, ten
figures, and one table and are available at http://www.cell.com/
developmental-cell/supplemental/S1534-5807(08)00440-1/.
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